
DOE/.J?L -95$527-83.'25 
Distribution Category L'C-63 

@ ? u  - g93 

ISVESTIGATION OF TEST HETHODS, 
?IATERIK PROPERTIES, A2-3 PR9CESSES 

FOR S O U R  CELL E::ChPSL?LA?TS 

JPL Cmtrac t  954527 
Project 6072.1  

For 

J t T  PROPULSION LUiOUTO!?Y 
LSOC Oak Grove Drive 

Pasadma,  Calft 'orrda 91103 

ENCAPSULATION TASK OF ?HE FLAT-PLATE 
SOLA?? ARRAY PROJECT 

The J P L  f l a t - P l a t e  Solar  Array P ro jec t  is SpC;lSOred by t h e  U.S .  Department of 
Energy and forms p a r t  of t h e  Solar Photovol ta ic  ConversiL.1 Prclgrarn t o  i n i t i a t e  
a major e f f o r t  towaid the  developnent of lev-cost s o l a r  a r rays .  This work w a s  
performed f o r  t he  Je t  Propulsion Laboratory,  Ca l i fo rn ia  I n s t i t u t e  of Technology, 
by agreement between NASA and DOE 

P .  B .  Willis 
E .  Baum 

BY 
SPRINGBORX LABORATORIES, I N C .  

E N  F I ELD , COSNECT I C L T  0 603 2 

September 1983 



T!XHNICAL CONTENT STATMEN" 

"This report w a s  prrpared as an account of work swnsored  by 

the Gnited States Government. Xeither the United S t a t e s  nor rhe  

United States D e p a r t m e n t  of Energy, nor any of *;heir a p l o y e e s ,  

nor any of t!!eir cont rac tc rs ,  suScontractors ,  or their employees, 

d e s  rny warranty, express or implied, o r  assumes any legal 

l iabj l i t y  or r e s p n s i k i l i t y  for Lie accuraq , completenebs or 

u s e f d n e s s  9f any inforna t icn ,  apparatUs, product or process 

discolose9, or re_tresents t h a t  its use -mula no t  i n f r i n g e  privately 

owned r ights ."  



TABLE OF ZOLWENTS 

Page 

I .  SUMMARY . - 1 

11. INTRODUCTION . . . . . . . . . . . . .  4 

111. AGING AND DEGRADATION S T U D I E S  . . . . .  7 

A. S / 4  Exposures . . . . . . . . . .  11 

B. Outdoor Photothermal Reactors . . .  1 3  

I V .  OUTER COVER MATERIALS . . . . . . . . .  17 

V. S O I L I N G  EXPERIMENTS . . . . . . . . .  2 1  

APPENDIX A - T a b l e s  1 - 32 
APPENDIX B - F i g u r e s  1 - 3 



1. 

I. SUMMARY 

Springborn Laboratories, Inc. is engaged in a study of potentiaily 
useful1 low cost encapsulation materials for the Flat-Plate Solar 

Array Program (FSA) funded by the Department of Energy and adminis- 

tered by the Zet Propulsion Laboratory. The goal of the program is 

to identify, test, evaluate and recoxranend encapsulation materials 

and processes for the fabrication of cost-effective and long life 

solar modules. During the past quarter these investigations have 

included continued invostigationsof accelerated aging techniques for 

module component lifetime studies, an investigation of candidate outer 

cover films and continued evaluation of soil-repellant coatings. 

A program of acceleratd aging is being conducted for the purpose of 

(a) generatins empirical and practical data relating to longevity, 

(b) rating and ranking of the stability of candidate formulations, and 

(c) generating data that may be used in mathematical model for the 

prediction of service life. In this report the results of RS/4 SUP 

lamp are compared for dry conditions versus that incorporating a water 

spray cycle. 

aging show that the water spray (simulating rain extraction) imposed 

no additional stress on almost all of the specinens tested. Only one 

material , Acrylar acrylic film,was effected by the water spray and 
appeared to lose its physical properties more rapidly than its dry 

counterpart. Additionally, the wster spray resulted in loss of tnl 

screening agent from this material with a consequent decrease in its 

ultraviolet protective quality. 

door Photothermal aging racks (OPTS 1 .  

mers in natural sunlight while accelerating the degradation reactions 

with heat. They are on only during the sunlight hours and are operated 

at 70°, 90' and lCS°C. 

completed under these exposures. 

formulations are still under test after 4,000 hours, however one formu- 

iated without the hindered amine stabilizer (Tinuvin 770) failed (zero 

The results of 10,000 hours of this type of accelerated 

More data was obtained from the Oct- 

These are devices that age poly- 

The first set of (pottant) specimens has been 

At the lowest temperature, most of the 
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tensile s t rength)  with 2.000 hours. 

more severs and no material survives past 3,000 hours. The EMA for- 

mulations appear t o  be somewhat better 

these  condi t ions  and t h e  formulation without  t h e  W stabilizer de- 

graded well with in  t h e  1,000 point.  The high temperature u n i t  (105 C )  

is t h e  most severe of the three and r e s u l t s  i n  large decreases i n  mos t  

p rope r t i e s  wi th in  18500 hours. The r e s u l t s  obtained wi th  t h e  OPTs are 

very encouraging i n  t h a t  it is now possible to  degrade candidate  poly- 

mer formulations under condi t ions similar to t h e  intended app l i ca t ion  

and within per iods  of t i m e  s h o r t  enough to reform-alate for t h e  optimum 

s t a b i l i t y .  Tn addi t ion ,  t h e  OPTs  have c l e a r l y  shown t h e  need  for t h e  

HALS type stabilizer, and new formulations have been deployed t o  test 

t n e  e f f ec t iveness  of  a number of commercially a v a i l a b l e  compounds. 

addi t ion ,  whole modules have been put  under test to  examine t h e  longevi ty  

and mode of failure for a complete system of compnents .  i n  t h i s  type 

of exposure. t h e  p o t t a n t s  now also have t h e  b e n e f i t  o f  t h e  p r o t e c t i v e  g l a s s  

s u p e r s t r a t e  or o u t e r  cover f i lm  t h a t  extends t h e i r  l i f e .  

The 90°C condi t ion  appears to  be 

t h e  EVA compounds under 

0 

I n  

o u t e r  cover f i l m s  are requi red  f o r  t h e  p ro tec t ion  of substrate designed 

modules i n  which t h e  cel ls  are supported from t h e  underside. me o u t e r  

cover must be highly t r a c s s a r e n t  and weatherable. i n i t i a l l y ,  it was 

thought t h a t  W screening was also a necess i ty ,  however most of t h e  

candidate  p t t a n t s  are s u f f i c i e n t l y  stable t h a t  t h e  add i t iona l  p ro tec t ion  

amy not  be required. 

might be s u i t a b l e  f o r  t h i s  appl ica t ion .  

polymers may st i l l  be cost e f f e c t i v e  due to  t h e i r  low r e f r a c t i v e  indices .  

The improvement i n  o p t i c a l  coupling m y  r e s u l t  i n  an increase  i n  module 

e f f i c i ency  of s eve ra l  percent.  

evaluated f u r t h e r  i n  fu tu re  work. 

This now increases  t h e  number of  materials t h a t  

Some of t h e  more expensive f luoro-  

Some of these  newer candidates  w i l l  be 
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An experimental program continued to determine the usefulness of soil 

resistant coatings. These coatings are intended to be surface treatments 

applied to the sunlight side of solar modules and function to prevent the 

persistent adhesion of soil to the surface, aid in its removal, and con- 

sequently keep the power output high. 

to "Sunadox" glass, Tedlar and oriented acrylic film. After twenty four 

months of outdoor exposure a fluorosilane treatment designated E-3820, was 

found to be the best coating for all three outer surfaces and result in 

significantly better soil resistance than the controls. 

These treatments have been applied 
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11. INTRODUCTICN 

The goal  of t h i s  program is t o  i d e n t i f y  and eva lua te  encapsulat ion materi- 

a l s  and processes f o r  t h e  protection of s i l i c o n  solar cells for service i n  

a terrestrial environment. 

Encapsulation systems are being inves t iga t ed  cons i s t en t  wi th  t h e  DOE objec- 

t i v e s  of achieving a photovol ta ic  f l a t - p l a t e  module or concent ra tor  a r r a y  

a t  a manufactured cost of $0.70 per peak w a t t  ($70/m (1980 dollars). The 

p r o j e c t  is aimed a t  e s t a b l i s h i n g  t h e  i n d u s t r i a l  capabi l i t . ?  t o  produce solar 

modules within t h e  requi red  c o s t  goa l s  by t h e  year  1986. 

2 

To i n s u r e  high r e l i a b i l i t y  and long-term performance, t h e  func t iona l  compo- 

nents  of  t h e  s o l a r  cell  module must be adequately pro tec ted  from the  en- 

vironment by some encapsulat ion technique. 

t o  module func t ioning  inc lude  moisture ,  u l t r a v i o l e t  r a d i a t i o n ,  hea t  bui ld-  

up, thermal excursions,  d u s t ,  h a i l ,  and atmospheric p o l l u t a n t s .  Addition- 

a l l y ,  t he  encapsulat ion system must provide mechanical suppor t  for the  c e l l s  

and corrosion p ro tec t ion  f o r  t h e  e l e c t r i c a l  components. 

The p o t e n t i a l l y  harmful elements 

Module design must be based on t h e  use of appropr ia te  cons t ruc t ion  mater ia i s  

and design parameters necessary t o  meet the  f i e l d  opera t ing  requirement,  and 

t o  maximize cost/performance. 

Assuming a madule e f f i c i e n c y  of t e n  pe rcen t ,  which is  equ iva len t  t o  a power 

output of 100 w a t t s  pe r  m2 i n  midday s u n l i g h t ,  t h e  c a p i t a l  cost of the  mod- 

u l e s  may be ca l cu la t ed  t o  be $70.00 p e r  m2. Out of t h i s  cost goa l ,  only 20 

percent  is a v a i l a b l e  for encapsulat ion due t o  t h e  high cost of t h e  c e l l s ,  

in te rconnec ts ,  and o t h e r  r e l a t e d  components. The encapsulat ion cos t  a l l o -  

cation"' may then be s t a t e d  a s  $14.00 per m2 which included a l l  coat ings,  

a.  JPL Document 5101-68 

2 The former c o s t  a l l o c a t i o n  f o r  encapsulat ion m a t e r i a l s ,  was $2.50/m 
(0.25/ft2) i n  1975 d o l l a r s ,  o r  $3.50/m2 ($0.35/ft2) i n  1980 do l l a r s .  
The cu r ren t  c o s t  a l l o c a t i o n  of $14/m is an aggregate a l l o c a t i o n  fo r  
a l l  encapsulat ion ma te r i a l s  including an edge s e a l  and gasket .  

2 
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pottants, and mechanical suppcrts for the solar cells. 

Assuming the flat-plate collector.to be the most efficient design, photo- 

voltaic modules are composed of seven basic construction elements. These 

elements are (a) outer covers; (b) structural and transparent superstrate 

material*;; (c) pottants; (d) substrates; (3 )  back covers; ( f )  edge seals and 

gasket compounds; and, (9) primers. Current investigations are concerned 

with identifying and utilizing materials or combinations of materials for 

use as each of these elements. 

Throughoutthisprogram, extensive surveys have been conducted into many clas- 

ses of materials in order to identify a compound or class of compounds opti- 

mum for use as each construction element. 

The results of these surveys have also been useful in generating first-c:t 

cost allocations for each construction element, which are estimated to be as 

follows (1980 dollars) : 

Construction Elements 

Substrate/Superstrate 
(Load Bearing Component) 

Pottant 

Primer 

Outer Cover 

Back Cover 

Edge Seal & Gasket 

Approximate Cost 
Allocation* 

($/m2) 

7.00 

1.75 

0.50 

1.50 

1.50 

1.85 

2 *Allocation for combination of construction elements: $14/m . 

From the previous work, it became possible to identify a small number of 

materials which had the highest potential as candidate low cost encapsula- 

tion materials. The first page of Appendix A (Table I' gives the status of 



candidate encapsulation materials identified to date. These materials are 

thought to be the most satisfactory for use as the construction element in- 

dicated. 

In addition to materials, two encapsulation processes are being investigated: 

1) Vacuum bag lamination 

2) Liquid Casting 

The suitability of these processes for automation is also being investigated. 

However, the selection of a process is a?-most exclusively dependent on the 

processing properties of the pottant. 

significant influence on the eventual selection of pottant materials. 

This interrelationship may have a 

Recent efforts have emphasized the identification and development of potting 

compounds. Pottants are materials which provide a number of functions, but 

primarily serve as a buffer between the cell and the surrounding environment. 

The pottant must provide a mechanical or impact barrier around the cell to 

prevent breakage, must provide a barrier to water which would degrade the 

electrical output, must serve as a barrier to conditions that cause corro- 

sion of the cell metallixation and interconnect structure, and must serve 

as an optical coupling medium to provide a maximum light transmission to the 

cell surface and optimize power output. 

This report presents the results of the past year which has been directed at 

the continuing development and testing of pottants and other components. 

The topics covered in this report are as follows: 

(a) the comparison of two closely related aging techniques, RS/4 and E / 4  

with water spray, 

(b) the results of pottant exposure on the Outdoor Photothermal aging racks 

(OPTS) t 

( c )  a surve" of new candidate outer cover materials, and 

( c )  continuation of the study of anti-soiling coatings for the surfaces of 

PV modules. 
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111. AGING AND DEGRADATION STUDIES 

The candidate  encapsulat ion materials being inves t iga ted  i n  t h i s  p r o j e c t  

are intended f o r  t h e  construct ion of  s o l a r  cell modules f o r  terrestrial 

deployment and consequently must be capable of enduring t h e  opera t ing  

temperatures, i n so la t ion ,  p r e c i p i t a t i o n  and o t h e r  elements of  t he  outdoor 

exposure i n  the  geographical region selected. Although t h e  seve r i ty  o f  

t hese  condi t ions may be f a i r l y  accura te ly  gauged (climatic a t las ,  weather 

records,  etc.) the  lifetime and performance of ind iv idua l  materials o r  

combinations of materials is not  as e a s i l y  assessed. 

ways and rates a t  which materials age i n  outdoor exposures are very complex 

and p red ic t ive  techniques o f t e n  tu rn  o u t  t o  be inacurra te .  

The chemical path- 

The degradation of polymeric materials i n  outdoor weathering is  caused primar- 

i l y  by sun l igh t ,  e spec ia l ly  t h e  u l t r a v i o l e t  component. In  a c t u a l i t y ,  t h e  

d e t e r i o r a t i n g  effect of l i g h t  is  usua l ly  enhanced by t h e  presence of  oxygen, 

moisture, hea t ,  abrasion,  etc. and i n  most cases may be r e fe r r ed  t o  a s  photo- 

oxidat ion,  r e s u l t i n g  from t h e  combined effects of oxygen and sunl ight .  

Sunlight- reaching the  e a r t h  is f i l t e r e d  through the  atmosphere, removing 

shor t e r  wavelengths up t o  290 run before  it reaches t h e  sur face  of t he  ear th .  

Thus, u l t r a v i o l e t  effects on p l a s t i c  r e s u l t  p r imar i ly  from wavelengths of  

approximately 290-400 nm, which c o n s t i t u t e  less than 4 percent  of the  t o t a l  

s c l a  r ad ia t ion  reaching t h e  ear th .  

The shor t e r  t he  wavelength of l i g h t  t h e  g rea t e r  i s  its p o t e n t i a l  to  produce a 

chemical change i n  material. This energy must first be absorbed i n  order  f u r  

damage to  occur. 
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The degrada t ive  e f f e c t s  of t h e s e  environmental stresses may be e f f e c t i v e l y  

h i b i t e d  by t h e  incorpora t ion  of s p e c i a l l y  formulated add i t ives  t o  t h e  polymer. 

Compounds t h a t  se rve  a5 u l t r a v i o l e t  l i g h t  absorbers ,  an t iox idants ,  hydroperox- 

i d e  decomposers, metal d e a c t i v a t o r s ,  etc. may r e s u l t  i n  dramatic improvements 

i n  t h e  s e r v i c e  l i f e  o f  polymeric sys t ems .  

i t y  of t h e  polymer o r  t h e  e f f e c t i v e n e s s  of t h e  a d d i t i v e s  and formulation, t h e  

question of l i f e t i m e  under s e r v i c e  condi t ions  remains an important question. 

in- 

Regard less ,of  t h e  inherent  s e n s i t i v -  

Accelerated tes ts  are f r equen t ly  used t o  assess long term aging e f f e c t s  and 

compare t h e  e f f e c t i v e n e s s  of s t a b i l i z e r s  i n  providing improved p ro tec t ion  

aga ins t  environmental d e t e r i o r a t i o n .  Typica l ly ,  p rope r t i e s  such as tensile 

s t r e n g t h ,  e longat ion  a t  break ,  apparent modulus, r e s i s t a n c e  o t  f l e x  cracking 

and o t h e r  p r o p e r t i e s  are measured on samples aged f o r  known periods o f  t i m e  

under s p e c i f i e d  condi t ions .  

s t a b i l i t y  of polymers and formulations,  but c o r r e l a t i o n  with a c t u a l  s e r v i c e  is 

not always accura te .  

These tests are use fu l  f o r  determining t h e  r e l a t i v e  

This is  e s p e c i a l l y  t r u e  f o r  outdoor aging where t h e  condi t ions  of weethering 

cannot be p r e c i s e l y  simulated or acce le ra t ed  i n  t h e  laboratory.. 

t he  r a t i o  of c ros s l ink ing  t o  cha in  s c i s s i o n ,  temperature v a r i a t i o n s ,  d i f f e r i n g  

oxygen concent ra t ions ,  u l t r a v i o l e t  f l u x ,  dark cyc le  r e a c t i o n s ,  etc. add t o  

the  d i f f i c u l t y  of c o r r e l a t i o n  and performance p red ic t ion .  

are u s e f u l ,  however, f o r  t h e  r e l a t i v e  ranking and r a t i n g  of m a t s r i a l s  and can 

provide approximate a c c e l e r a t i o n  f a c t o r s  t h a t  a r e  useable  over a c e r t a i n  range. 

Changes i n  

Accelerated t e s t s  

I n  o r d e r  t o  assess the  r e l a t i v e  s t a b i l i t y  of i n d i v i d u a l  polymers and t o  

determine t h e  e f f ec t iveness  of varying formulations,  Springborn Laboratories 

i s  conducting a program of accelerated aging and l i f e  p r e d i c t i v e  s t r a t e g i e s  

t h a t  should be use fu l  f o r :  (a)  r a t i n g ,  ranking and r e fonnu la t ing  candirihtt. 

encapsula t ion  ma te r i a l s ,  (b)  genera t ing  p r a c t i c a l  d a t a  t h a t  r e l a t e  t o  mater- 

i a l  performance under use cond i t ions ,  and ( c )  genera t ing  d a t a  t h a t  may be 

usefu l  i n  some type of p r e d i c t i v e  manner f o r  l i f e  assessment. 
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RATING AND 
RANKING 
(AGING) 

PROMISING 

These goa ls  are being met by using t h e  scheme presented i n  t he  following 

diagram : 

ASSESSMENT 

This method is intefided to  serve  a s  a multiFcrpose da t a  source.  

A var i e ty  of acce lera ted  aging conditions have been 5et up 

Laboratories and a r e  cont inual ly  generating a da ta  f o r  t he  purposes pre- 

viously mentioned. The aging conditions a l l  employ e i t h e r  s i n g l e  s t r e s s e s  

o r  combinations of  t he  following: 

a t  Springborn 

(a )  thermal s t r e s s  (heat  aging) 

. i n  i n e r t  atmosphere 

. i n  a i r  , 
(b) u l t r a v i o l e t  stress (w exposure) ,  

(c) hydro ly t ic  s t r e s s  (water exposure/ ,  

(d )  c a t a l y t i c  stress (metal catalyzed oxidat ion)  , 
ie) combined stresses (any of the  above toge ther ) .  

The e f f e c t s  of these s t r e s s e s  on the  candidate encapsulation mater ia l s  i s  

determined by measuring s p e c i f i c  proper t ies  as a funct ion of t i m e .  These 

proper t ies  were se lec ted  f o r  t h e i r  relevance t o  module se rv i ce  l i f e  and were 

chosen from four  ca tegor ies  considered to  be p o t e n t i a l l y  l i f e - l imi t ing ,  a s  

follows : 
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o Mechanical: tensile strength, elongation, gel content, modulus 

o optical: yellowing, haze, optical transmission from 0.4 to 
1.1 microns 

o Chemical: loss of stabilizers, degradation, corrosion of inter- 
connect metalization, metal catalyzed reactions, out- 
gassing 

leak current, loss of electrical isolation 
o Dielectric: field stress degradation, decay of breakdown strength, 

A number of approaches to data modeling may b+- considered, the simplest 

being first order behavior in which the log of the property being measured 
in linear over log time. This relationship may be used easily for life 

prediction, especially when the reaction rate is proportional to the tem- 

perature (Arrhenius relationship). Polymer degradation is frequently a 

complex relationship of many competing chemical reactions, however, and 
may shift dramatically with subtle changes in temperature, light intensity, 

additives, etc. The behavior most frequently observed is the "induction 

period" type in which the degradation rate suddently changes and the property 

vs. time curve shows a s.rsrp downward trend. 

In this report the results of two selected accelerated aging conditions 

are given. The first is a comparison of FG/4 sunlamp exposure with and 

without water spray and the second concerns data obtained f r m  Out?oor 

Photo-Thermal aging reactors (OPTS). 

A. RS/4 Expovres . .- 

The RS/4 Sunlamp exposure condition consists of a rotating table carrying 

the test specimens benealh a General Electric RS type sunlamp. This lamp 

consists of a medium pressure mercury arc lamp in a quartz tube Salasted 

by i! tungsten filament. The assembly is rdounted in an inert gas filled bulb 

with a reflective coating and a transmission cutoff near 290 nm. The bulb 

is additionally filtered with a piece of Pyrex (cutoff 300 nm) to insure the 

aDsence of spectra below the terrestrial limit. This condition is one of 

the most easily monitored and is widely used throughout the plastics in- 

dustry for the purpose of comparative aging. This device is a modifica- 

tion of the test procedure ASTM 9-1501, "Exposure of Plastics to Fluo- 
0 rescent Sufilamp: and is operated at a temperature of 50 C. 
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Photometric measurements of the RS/4 light source indicate that its 

output in the terrestrial ultraviolet range is approximately 1.4 suns in 
intensity. Because the lamp operates 24 hours a day, an additional ac- 

celeration factor is included to give an overall calculated acceleration 

factor of approximately 6.7. Equivalently, one year of outdoor expsure 

(in terms of ultraviolet) is accomplished in about 1,300 hours of RS/4 

exposure. Under these conditions, unstabilized polypropylene degrades 

in approximately 160 hours and polyethylene in about 450 hours(at 50 C) . 
a. 

0 

The Rs/4 conditions are operated at a temperature of SOc: (except for 

the temperature condition, not discussed in this report) and have two 

variations, wet and dry. In the wet condition, the specimens are sprayed 

with distilled water for ten minutes once every two hours. 

of this modification is to simulate the effects of rainwater that may occur 

in an outdoor environment and assess the fugitive nature 0.i compounding 

ingredients incorporated in the polymeric materials. 

The purpose 

Tables 2 thru 6 in the appendix give the results for a number of dry 

RS/4 exposures; tables 7 thru 11 give the results for the equivalent 

wet condition. The materials compared to this evaluation are (a) EVA 9918 

candidate pottant (ethyleneJviny1 acetate) , (b) Z.NA 13439 pottant (ethylene/ 

methyl acrylate, (c) PUZ-2591, an aliphatic polyurethane pottant, (3) Tedlar 

100 BG30UT, a candidate outer cover film, and (e) Acrylar X22417, a can- 

didate outer cover film based on acrylic chemistry. A comparison of the 

performance of these materials is given as follows: 

a. Willis, P., et al., Investi3ations of Test Methods, Material Properties, 
and Processes for Solar-Cell Encapsulants, Annual Report, ERDA/JPL-954527, 
Springborn Laboratories, lnc., Enfield, Connecticut, July 1980. 
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Tables: 
Dry/wet M a t  e ri a l  

217 EVA 9918 

3/8 

4/9 

€MA 13439 

PU 2-2591 

RS/4 Exposures; Dry versus Water Cycle 

51 10 Tedlar 100aG30m 

6/11 Acrylar X-22417 

Exposure 
Time 

10,000 

10,000 

lC) ,OOO 

15,000/ 
10,000 

12, ooo/ 
10,000 

Property 

Tens i le  
Elongat i on  
G e l  Content 
w Cutoff 

Tens i le  
Elongation 
Gel Content 
w eatoff 

Tensile 
Elongat i on  
G e l  Content 
w Cut0 f f 

Tens i le  
Elongation 
Gel Content 
uv Cutoff 

Tens i le  
Elongation 
G e l  Content 
w Cutoff 

Performance 

Dry 

1,520 
570 

69.8 
357 

2,280 
557 

34.4 
358 

137 
102 

93.1 
366 

14,500 
72 

n/a 
355 

14,500 

n/a 
7 

381 

Wet 

2,810 
675 

69.8 
360 

2,217 
600 

63.5  
363 

241 
220 

96.1 
367 

13,900 
55 

n/a 
358 

9,200 
1 

n/a 
321 
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As may be seen i n  the preceding c h a r t ,  t h e  values obtained for w e t  

and dry RS;4 condi t ions vary ve,y l i t t le  within the range of experi-  

mental error. There are no major d i f fe rences  observed fcr values  of 

u l t i m a t e  t e n s i l e  s t r eng th ,  u l t imate  e longat ion,  gel content  ( c r o s s l i n k  

dens i ty )  or  u l t r a v i o l e t  c u t o f f  ( r e t e n t i o n  of W stabil izer) for most  of 

t h e  mater ia l s  tested. 

The only  real change between w e t  and dry condi t ions is found for Acrylar. 

This  material is an o u t e r  cover f i l m  candidate cons is t ing  of a b i a x i a l l y  

o r i e n t e d  acrylic f i l m  containing an u l t r a v i o l e t  screening compound. 

t h e  exposure t h a t  included t h e  water spray, t h e  A c r y l a r  f i l m  showed much 

greater losses of t e n s i l e  s t r e n g t h  and its elongat ion decreased to  t h e  

p o i n t  of no t  being testable i n  many specimens. H o s t  conspicuously, t h e  

u l t r a v i o l e t  cu tof f  wavelength dropped from 382 nm,in t h e  c o n t r o l  and dry 

condi t ions, to  321 m, ind ica t ing  loss of UV screening s tab i l izer ,  These 

r e s u l t s  suggest t h a t  Acrylar may loose i t s  p r o t e c t i v e  screening property 

with oatdoor e q o s u r e .  

I n  

I n  general ,  t h e  RS/4 ir-eorporating thewa te r  cycle  does no t  appear t o  add 

much o f  an a d d i t i o n a l  stress component t o  t h e  aging condi t ion and does 

no t  r e s u l t  i n  increased degradation rates. 

B, Outdoor Photothermal Reactors 

The predominant cause of outdoor d e t e r i o r a t i o n  is photothermal aging; 

t h e  combination of hea t  and u l t r a v i o l e t  l i g h t .  I n  a l l  t h e  labora tory  

techniques devised to  da te ,  it i s  mainly t h e  l i g h t  t h a t  is increased 

(photoaccelerat ion)  through t h e  use of arcs and discharge lamps. I n  t h e  

OPT r e a c t o r s ,  n a t u r a l  sun l igh t  i s  used as t h e  l i g h t  source and t h e  specimen 

temperature is incraased, The OPT reactors c o n s i s t  of heated aluminum 

blacks surfaced with s t a i n l e s s  steel and mounting hardware t o  hold t h e  t e s t  

specimens f l u s h  with t h e  surface.  

t h e  device t u r n s  on a t  sun r i se  and o f f  a t  sunset.  

i n i t i a l l y  been selected: 7OoC, 90°C, 105 OC. 

d i f f i c u l t i e s  assoc ia ted  with t h e  i r r e g u l a r  sFectrum o f  a r t i f i c i a l  l i g h t  

sources,  exposes t h e  specimens t o  o the r  environmental conditioris such as 

r a i n  and po l lu t ion ,  and a d d i t i o n a l l y  incorporates  a dark cycle. The only 

acce lera t ion ,  t h e r e f o r e ,  is i n  t h e  temperature, all o t h e r  environmental 

The r e a c t o r s  are t i l t e d  a t  45' south and 

Three temperatures have 

This approach e l imina tes  t h e  
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condi t ions being present  i n  t h e i r  na tu ra l  occurrence and in t ens i ty .  This  

condition is t h e r e f o r e  cons idered  to be d closer approximat ion meaninq- 

f u l  acce le ra t ion  of modules and modck components than t h e  o the r  types also 

being used. The r e s u l t s  for specimens depolyed to  date are given i n  tables 

12 through 17 (7OoC), tables 18 through 23 (90°C) and tables 24 through 29 

(105OC). 

presented i n  t h e  following table i n  which t h e  percent  of c r i g i n a l  t e n s i l e  

is given as a funct ion of  exposure t i m e .  The presence of seve ra l  zeros  i n  

a row ind ica t e  t h a t  t h e  specimen remained i n  s u f f i c i e n t l y  good condi t ion to  

continue under exposure but  t h h t  t he  mechanical F rope r t i e s  did not  permit 

physical  t e s t ing .  Conditions shown as a s i n g l e  zero ind ica t e  t h a t  t h e  poly- 

mer w a s  too  degraded t o  provide f u r t h e r  information. 

A general  comparison of  t h e  performance o f  t hese  materials is 



Outdoor Phocothemal ASing Reactors 

ZVA 9918 b iS2% I -  136% i 124% I 

3ercent T e n s i l e  Strength Retained 

140% 1 
E!! 152257 I 82% ! - I :: est I 91% 89% 

92% 1 - I 89% EHA 16717 I 04% - 

I 

- 

I I i 
! 

rbx 9918 
i 

_. 
c - EMA 15257 ! 502 . - 11% 

- - - - 
53% 15% f - - - 

- - - 68% 8% 

I 2': EMA 16-17 
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As may be seen i n  the preceding cha r t ,  t h e  7OoC condi t ion is the least severe  

of t h e  t h r e e  and most of rhe  candidate  p o t t a n t s  under exposure have survived 

3,000 to  4,000 hours without much decrease i n  t e n s i l e  s t rength .  The one ex- 

cept ion  is an experimental formulation of EVA designated 167188 that  is es- 

s e n t i a l l y  destroyed a t  t h e  2,COO hour point .  This  campomd conta ins  the  

co-polymerized ultraviolet screener  (L?.?-2098, American Cyananidel bu t  no 

hindered amine type s tabi l izer  (Tinuvin-770, Ciba-Geigy) which appears to  be 

e s s e n t i a l  for its s t a b i l i t y .  

wi th  a l l  candidates  terminat ing within 3,000 hours. The most stable of t h e  

candidate  r e s i n s  ap-pear to be those  based on EMA, which last 2,000 hours but  

become untes tab le  a t  t h e  3,000 hoar point .  The EVA formulations do not  perform 

q u i t e  as w e l l  and degrade to  t h e  po in t  of being un te s t ab le  for mechanical 

F rope r t i e s  with 2.000 hours of exposure. The least stable formulation (EVA 

16718B) w a s  again t h e  one without t h e  hindered amine t p e  l i g h t  s t a b i l i z x .  The 

105 C OPT condi t ions were t n e  most severe  and no candidate  po t t an t  survived 

much beyond 1,500 hours without considerabfe decay i n  proper t ies .  

s i n s  showed no p a r t i c u l a r  improvement over  t he  EVA s-wcimens i n  t h i s  condi- 

t ion .  Under t h i s  t e s t ,  t h e  EVA formulation A9918 appears to  o u t  p e r f o m  t h e  

new E7A formulation 16718A, which contains  TBEC, Tinuvin-770 and co-reacted 

LX-2098. Xone of t h e  OPT specimens appear t o  be l o s i n g  UV screener  and the 

cu to f f  wavelengths are unchanged. 

0 The 90 C condi t ion is seen to be much more severe  

0 

The EbLq re- 

The e a r l y  f a i l u r e  of formulations without t h e  Tiauvin-770 s t a b i l i z e r  again po in t  

o u t  t he  importance o f  HALS s t a b i l i z e r s  on t h e  usccessfu l  p ro t ec t ion  of polyolef ins .  

The OPT data gathered so f a r  is considered t o  be a "ca l ibra t ion"  run i n  o rde r  

t o  assess the  r e l a t i v e  acce lera t ion  r a t e s  of t hese  devices.  This  d a t a  a l s o  de- 

monstrate t h e  f a c t  t h a t  they are an e f f e c t i v e  methad f o r  t h e  rap id  aging and 

and ranking o f  module materials under 7onditions similar t o  those  o f  t h e  intended 

appl icat ion.  In  t h e  fu tu re ,  t he  evaluat ion per iods w i l l  be more c lose ly  spaced 

i n  order  t o  examine t h e  changes i n  polymer p rope r t i e s  with g r e a t e r  prec is ion  and 

guide t h e  development of f u r t h e r  formulations. In  addi t ion  t o  ind iv idua l  matex- 

ia ls ,  whole modules may be exposed on t h e  OPTS and t h e i n t e r a c t i o n s  of complete 

systems observed. Sets of two-cell t r i a l  modules have a l ready  been deployed for 

t h i s  purpose and w i l l  be evaluated i n  subsequent repor t s .  
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IV. OUTER COVER MATERIALS 

2 Due t o  t h e  r e l a t i v e l y  high cost o f  g l a s s  (appx. $0.90/ft ) and t h e  low c o s t  of 

s t r u c t u r a l  materials such as steel ($0,25/ft 1 and wood products ($O.lS/ft 1 ,  

substrate designs o f f e r  a p o t e n t i a l  cost advantage i n  the  construct ion of PV 

modules. With the  use of  wood o r  mild steel and add i t iona l  c o s t  component 

w i l l  be required f o r  environmental p ro tec t ion ,  however t h e  composite cost i s  
st i l l  imagined t o  be considerably lower than t h a t  of a g l a s s  surfaced super- 

strate module. In  substrate designs,  t h e  ce l l  s t r i n g  i s  supported from the  

underside,  leaving the  ce l l  s t r i n g  and p o t t a n t  exposed on the  ou te r  s u n l i t  

side , 

2 2 

S o f t  e las tomeric  materials must be used f o r  p o t t a n t s  i n  o rde r  t o  prevent  crack- 

ing of t h e  s i l i c o n  cel ls  due t o  stresses r e s u l t i n g  from thermal expansion d i f -  

ferences.  So f t  materials a r e  prone t o  s o i l i n g  and d u s t  r e t en t ion ,  however, 

which reduces the  l i g h t  transmission and impairs t h e  module e f f ic iency .  Hard 

coa t ings  are, therefore ,  desirable t o  avoid t h i s  problem. Addit ional ly ,  t h e  

funct ion of UV screening is  required f o r  t h e  mter cover i n  o rde r  t o  reduce t h e  

e f f e c t s  of pho to ly t i c  degradation and provide t h e  maximum usefu l  lifetime f o r  

t h e  po t t an t  and o the r  components. 

The p rope r t i e s  of  an idea l i zed  o u t e r  cover may be s t a t e d  as follows: 

high o p t i c a l  transparency; 

compatible r e f r a c t i v e  index p rope r t i e s  t o  t h e  po t t an t  t h a t  favor  o p t i c a l  
coupling ; 

chemical compat ib i l i ty  with e i t h e r  t h e  po t t an t  or a s u i t a b l e  primer o r  
adhesive to i n su re  a high r e l i a b i l i t y  bond t h a t  w i l l  no t  delaminate 
during the  use fu l  l i f e t i m e  of t h e  module; 

inherent  weatherabi l i ty1 

u l t r a v i o l e t  l i g h t  screening p rope r t i e s  t o  p r o t e c t  t h e  underlying po t t an t ;  

a n t i - r e f l e c t i v e  p rope r t i e s  t o  increase  t h e  t o t a l  l i g h t  transmissi.cn ( i f  
used on the  s u n l i t  s i d e ) ;  

r e s i s t ance  t o  thermal cyc l ing  without melting, cracking, o r  deforming; 

sur face  hardness s u f f i c i e n t  t o  r e t a r d  s o i l i n g  and t o  withstand cleaning 
processes i n  rout ine  maintenance; 

abrasion r e s i s t ance  t o  prevent loss of mzter ia l  or s u f f i c i e n t  ha;;: to 
impair t he  t ransmission c h a r a c t e r i s t i c s .  
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I n  accordance with these  requirements, Springborn Laboratories has  con- 

t inued t o  eva lua te  t ransparent  weatherable organic  f i lms  and coat ings  t h a t  have 

the  a b i l i t y  to  screen ou t  W l i g h t .  Many of  the  candidate po t t an t  compounds do 

not appear t o  need t h i s  W protec t ion  however, and seem t o  be remarkably s t a b l e  

t o  photodwradat ion.  The RS/4 sunlamp exposure, normally regarded as severe 

i n  the  polyrer  industry,  r e s u l t s  i n  f a i l u r e  of EVA 9918 candidate po t t an t  only 

a f t e r  4c),0~0 hours. T h i s  is a remarkably long time and ind ica t e s  a high re- 

s i s t a n c e  tc p>.o%odegradation. I f  t he  photo ly t ic  e f f e c t  i s  not considered t o  

be a problem then the  inves t iga t ion  of  s u i t a b l e  o u t e r  covers may now be ex- 

panded t o  include f i lms and coat ings t h a t  do not have screening proper t ies .  The 

following table is a survey of  commercially ava i l ab le  outer  cover f i lms ,  b o t h  

screening ar.d non-screening. 

2 
The two most important f a c t o r s  a r e  c o s t  ( $ / f t  / m i l )  and the  power trans;ission. 

The bes t  o v e r a l l  combination is found f o r  Acrylar X22417. This is a th ree  m i l  

o r ien ted  a c r y l i c  f i l m  containing a screener,and although it has low c o s t  and high 

transmission it is very d i f f i c u l t  t o  handle(notck3 s e n s i t i v i t y )  and shows evi-  

dence of outdoor degradation. The next most promising f i lm i s  or ien ted  Kynar 

(Pennwalt Corporation, Phi ladelphia ,  PA) .  This ma te r i a l  is now being marketed 

a s  a t ransparent ,  weather r e s i s t a n t  f i lm designed f o r  s o l a r  energy appl ica t ion .  

T h i s  s t rong ,  tough, f a t igue  r e s i s t a n t  f i lm is p a r t i c u l a r l y  usefu l  f o r  s o l a r  col-  

l e c t o r s ,  s o l a r  s t i l l s ,  and greenhouse glazing. Kynar PVDF is  except ional ly  stable 

t o  u l t r a v i o l e t  r ad ia t ion ,  i ts  mechanical p rope r t i e s  zre maintained throughout many 

years  o f  outdoor exposure. The manufacturer claims t h a t  or ien ted  Kynar f i lm on  

acce lera ted  weathering to  an equivalent  of 16 t o  28 years  exposure, l o s t  2-5% 

of i t s  o r i g i n a l  specular  t ransmit tance and showed only i n s i g n i f i c a n t  change i n  

I[! :hanical proper t ies .  Addit ional ly ,  its lower r e f r a c t i v e  index than a c r y l i c s  o r  

Tedlar f i lms should be an advantage i n  o s t i c a l  coupling t o  increase  the  transmit-  

t ed  l i g h t .  The idea  of o p t i c a l  coupling t o  improve t h e  throughput of power is a l s o  

? consideration. Light en ter ing  any combination of ma te r i a l s  i n  which the re  is a 

d iscont inui ty  i n  t he  index of r e f r a c t i o n  w i l l  r e s u l t  i n  a p a r t i a l  r e f l e c t i o n  a t  

t he  i n t e r f a c e  and Consequent loss of t ransmit ted energy. 

f l e c t i o n  is the  r e f l e c t i o n  c o e f f i c i e n t ,  R. 

The degree af t h i s  re- 
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For a given i n t e r f a c e  with index n 

coe f f i c i en t ,  R, can be expressed as:  

on one s i d e  and n2 on the  o the r ,  t he  r e f l e c t i o n  1 

R is r e f l e c t i o n  

n is  r e f r a c t i v e  

n is  r e f r a c t i v e  
1 

2 

c o e f f i c i e n t  

index of medium 1 

index of medium 2 

For example, i f  medium 1 is g l a s s  (Index 1.5) and medium 2 is a i r  (1.01, t he  r e f l e c t i o n  

coe f f i c i en t  R = 

= 0.04 or  4% (0.5) 2 
(2.5) R =  

For passage of l i g h t  through a pane of g l a s s ,  t he re  w i l l  be 

en ter ing  and another 4% on leaving. 

and gives a g l a s s / a i r  i n t e r f a c e  a maximum transmission of 92%. 

cu la t ion  f o r  F'EP (Fluorinated ethyylene/propylene copolymer, DuPont) with a re f rac-  

t i v e  index of 1.345 gives a r e f l e c t i o n  c o e f f i c i e n t  of 2.16% per  r e f l ec t ion .  

i nd ica t e s  t h a t  t he  maximum transmit ted power of  an FEP/air  i n t e r f a c e  is 95.7%, a 

d i f fe rence  of  3.7%. 

j u s t i f y  the  use of a m r e  expensive fi lm. 

loss of about  4% on 

This  value agrees  w e l l  with experimental data 

Repeating the  cal-  

This 

This improvement i n  the  use of available sun l igh t  m a y  w e l l  

Due t o  the  p o t e n t i a l  f o r  improved weatherabi l i ty  and power output  with these  films, 

t h e s e a r e b e i n g  incorporated i n t o  the  evaluat ion program as candidate outer  cover 

mater ia l s  and w i l l  be assessed f o r  s u i t a b i l i t y  i n  module appl ica t ions .  A table of 

some of the  more promising commercial candidates and t h e i r  re levant  p rope r t i e s  is 

given on the  following page. 
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V I .  S O I L I N G  EXPERIMENTS 

The performance of photovol ta ic  modules is adversely a f f e c t e d  by sur face  soi l -  

inq ,  and g e n e r a l l y ,  t h e  loss of performance increases  with t h e  q u a n t i t y  of 

s o i l  r e t a i n e d  on t h e i r  surfaces .  To minimize performance losses caused by 

s o i l i n g ,  photovol ta ic  modules n o t  on ly  should be deployed i n  low-soiling geo- 

graphical areas, b u t  a l s o  should have s u r f a c e s  or sur fac ing  m a t e r i a l s  with l o w  

a f f i n i t y  f o r  s o i l  r e t e n t i o n ,  maximum s u s c e p t i b i l i t y  t o  n a t u r a l  removal by winds, 

r a i n ,  and snow; and should be r e a d i l y  c l e a n a b l e  by simple and inexpensive main- 

tenance c leaning  techniques.  

The ac t ion  of s o i l i n g  i s  considered t o  inc lude  accumulation, n a t u r a l  removal by 

wind, r a i n ,  and snow; and a c t i v a t i o n  of mechanisms t h a t  r e s u l t  i n  s u r f a c e  s o i l -  

ing t h a t  resists n a t u r a l  removal, t h u s  r e q u i r i n g  maintenance methods. 

The t h e o r e t i c a l  aspec ts  of s o i l i n g  have been addressed r e c e n t l y  i n  documents by 

t h e  Jet  Propulsion Laboratory. 

t h a t  t h e  rate of s o i l  accumulation i n  t h e  same geographical a r e a  is material 

independent and t h a t  r a i n f a l l  func t ions  a s  a n a t u r a l  c leaning  agent .  The e f -  

fec t iveness  of t h e  cleaning e f f e c t  of t h e  r a i n  is m a t e r i a l  dependent, however. 

The basic f ind ings  o f  t hese  s t u d i e s  show a . ,  b. 

Based on t h e  p o s t u l a t e d  mechanisms f o r  s o i l  r e t e n t i o n  on s u r f a c e s ,  c e r t a i n  

c h a r a c t e r i s t i c s  of low-soiling s u r f a c e s  may be assumed. These a r e :  (a) hard,  

(b) smooth, (c) low i n  su r face  energy, (d) chemically c lean  of water s o l u b l e  

sal ts ,  and (e) chemically c lean  o f  s t i c k y  m a t e r i a l s ,  I t  i s  possible t h a t  c o s t  

e f f e c t i v e  coa t ings  having t h e s e  requi red  porperties may e x i s t  and be appl ied 

t o  s o l a r  module s u r f a c e s  and r e s u l t  i n  l o w  maintenance costs and preserve t h e  

e f f e c t i v e  generat ion of power from t h e s e  devices .  

a. Cuddihy, E. F., “Ec:apsulation Materials S t a t u s  t o  December 1979” LSA 
P r o j e c t  Task Report 5101-143, Jet Propulsion Laboratory,  Pasadena, C9 
January 15 , 1980. 

b. Hoffman, A .  R . ,  and Maag, C.  R., “Airborne P a r t i c u l a t e  S o i l i n g  of Terres-  
t r i a l  Photovol ta ic  Modules andcover  Mater ia l s” ,  Proceedings of t h e  I n s t i -  
t u t e  of Environmental Sciences,  May 11-14 ,  1980; Phi lade lphia ,  PA. 
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The candidate mater ia l s  f o r  the  outer  sur face  of s o l a r  modules cu r ren t ly  con- 

sist  c f  low-iron g l a s s ,  Tedlar fluorocarbon f i lm (DuPont) and b i a x i a l l y  

or ien ted  a c r y l i c  f i lm,  Acrylar ( 3 M  Corporation; product X-22417). These mate- 

rials are 511 r e l a t i v e l y  hard,  smooth and f r e e  of water so luble  res idues ,  

consequently experiments were conducted t o  determine i f  an improvement i n  

s o i l i n g  r e s i s t ance  could be obtained by the  appl ica t ion  of low sur face  energy 

treatments.  

O f  the  i n i t i a l  seven coat ings of t reatments  i n i t i a l l y  explored i n  t h i s  program, 

four were continued f o r  evaluat ion of an t i - so i l i ng  e f fec t iveness  out t o  twenty-  

e igh t  months of outdoor exposure. These four  t reatments  a re :  

1. 

2. 

3. 

4. 

L-1668, an experimental fluorochemical s i l a n e  produced by 3M Corporation 

tha t  i s  used t o  impart water and o i l  repellencey t o  g l a s s  surfaces .  This 

mater ia l  i s  not ye t  commercial. 

L-1668 followin: treatment of the  sur face  w i t h  ozone ac t iva t ion  ( f o r  t h e  

organic f i lms o n l y ) .  

Dow Corning E-3820-103BI an experimental treatment cons is t ing  of perf luoro-  

decanoic acid coupled t o  a s i l a n e  (2-6020). T h i s  compound i s  not  commer- 

c i a l l y  ava i lab le .  

The E-3820-103B following sur face  treatment w i t h  ozone t o  c rea t e  a c t i v e  

s i t e s  on t h e  organic polymer f i l m s .  

Ozone treatments aro not used w i t h  t h e  g l a s s  because no sur face  ac t iva t ion  occurs 

i n  t h i s  case. 

These coat ings/ t reatrrents  were appl ied t o  each of t h e  th ree  candidate ou te r  

sur faces  using t h e  recommended appl ica t ion  technique. 

r i a l s ,  Tedlar and Acrylar,  were supported by a piece of g l a s s  on t h e  unde r s i i e ,  

and at tached w i t h  a c o l o r l e s s  7d u l t r a v i o l e t  s t a b l e  pressure s e n s i t i v e  adhe- 

s ive .  The completed test coupons were then mounted i n  outdoor racks on the  

The organic f i i m  mate- 



2 3 .  

roof cf Springborn Laboratories' facilities in Enfield, Connecticut. Evalua- 

tion was performed monthly and a record of rainfall was kept in order to co- 

relate soiling effects with precipitation. 

The degree of soiling on the completed specimens was measured by power trans- 

mission using a specially designed standard cell device. This instrument 

measurer; the drop in short circuit current, 

grade volt-ohm meter. This method was found to be better than spectroscopic 

measurement, due to difficulties in mounting the test specimens at the spec- 

trometer port. Additionally, the use of a silicon cell as a detect.:'r gives a 

more meaningful reading due to the response to scattered light +e direct 

measurement of the variation in cell power. 

with the use of a laboratory ISC, 

The results of months of outdoor exposure ar? give in Tables 30throuuh32. 

and Figures 1 through 3 . The tables give the values for the percent 

variation in short circuit current for Sunadex glass, Tedlar film and Acrylar 

film, for each month and each coating. I n  the figures, the values for control 

and the best performing treatments are graphed for clarity. 

The data for Sunadex low-iron glass is given in Table 7'1 and Figure 1 . 
Sunadex glass, and the treatments applied to it, gave specimens with the best 

overall inherent soil resistance. Tile control and most of the coated speci- 

mens followed the same pattern of rising and fallir.3 simultaneously throughout 

the exposure period and the rainy months showed a dramatic decrease in power 

in all cases. A constant differential was found between the control measure- 

ments and the most effective coating, E-3820, which was consistently in the 

order of 0.5 to 1.0 percent better than the untreated control. 

This has been the case throughout the exposure period except for the twenty- 

fourth month, in which the control gave slightly better performance. 

The treated specimens have shown a significant improvement in the transmission 

of usable power and have "self-cleaned" effectively during periods of suffi- 
cient rain. The E-3280 treatment has been founl to be somewhat better than 

the L-1668, and the enhancement of power from a module with this coating is 
estamiated to be about 1% over a two year period. 



24. 

Data f o r  t h e  second canCiEate outer s a r f a c e ,  Te6 la r  (1003G3OUT) f luorocarbon 

ziln is  c iven  i n  Table  29 an8 F igure  2 . The o v e r a l l  p e r f o r n s r x e  and in- 

he ren t  s o i l i n s  r e s i s t a n c e  of :;?is material is much worse than  f o r  t h e  Sunadex 

;lass. Yntrez ted  contr-ol  Eec imens  Cesrade l  s t e e e i l y  i n  power throuchout  t o  

-.  

x a x i n m  lcss of  8.8% i n  t h e  t e n t h  month, r ecove r in5  t o  b o u t  2% i n  the sab- 

s e g e n t  months. All t h e  c o a t i n g s  a 2 p l i e d  t o  TeZlar Lnpoved i t s  r e s i s t a n c e  

t o  soil accumulat ion,  however, t h e  f l u o r o s i l a n e  treat,?lents were cc~spicuously 

S e t t e r  than  the  o t h e r .  

3f a l l  t h e  t r - i t m e n t s  c s e 6  wi th  Tedlar 100BG300UTf oz ly  one e z e a r s  t o  r e t a i n  

i t s  use ? l n e s s  a t  t h e  2 @  nonth ,mint. Again,  E-3E2O is foun6 t o  be t5e most 

e f f e c t i v e  c o a t i n g  and shows s i g n i f i c a n t  i q r o v e m e n t  a v e r  t h e  c: .>trol  values. 

Trea tnen t s  wi th  2-3820 resul t  i n  isc measurexents t h a t  run  c o n s i s t e n t l y  3-55 

Setter  the.? t h e  c c n t r o l  of o t h e r  t r ea tmen t s .  The u s e f u h e s s  of t h i s  c s a t i n g  

02 Te2lar  is c l e a r l y  shown i n  t h e  F igure  ( 2 1 and t h e  e s t i x t e d  b9rovement  

i n  proeuce8 power ove r  a two yea r  p e r i o d  of time i s  abotlt 3 . 8 % .  

Data for t h e  l z s t  cark i6aZe f i l m ,  k c r y l a r  X-22417, i s  gj.vez ir. Table 30 and 

Figure 3 .  

The Acrylar  acryl ic  film formula t ions  s o i l e d  m x h  more severely than  t h e  Sona- 

dcx Slcss and Tedlar specimens. A 1 1  the  saec inens  s t e a d i l y  lest power through- 

ou t  t h e  ex2osure p e r i o d ,  however, a lmost  a l l  of t n e  t r e a m e n t s  hac! a benf .Ziclal  

effec';. Tfie uncoatet) c o n t r o l  specimens s o i l &  very  baCly and a t  one p o i n t  

(10th month) 6ropped t o  a low -1C.8% power loss. Foliowing t h i s  p o i n t ,  t h e  

c o n t r o l  f l u c t u a t e d  a t  about  7 - 8 1 d e c r e a s e  i n  I,,, whi le  the treat& specimezs 

va r i ed  widely i n  va lue .  

i n  t h e  f i r s t  year o f  exposure, t h e  L-1368 t r ea tmen t  was mc;rginclly b e t t e r  than  

t h e  Czone/E-3823 f luoros i lane ,  bo th  running 25  t o  3% ahead of t h e  c o n t r o l .  

I n  t h e  second year, however, t h e  e f f e c t i v e n e s s  of t h e  L-1E68 a p p 3 r s  t o  d e c l i n e  

and t h e  Ozone/E-3820 pcr fonns  conspicuously b e t t e r ,  r e t u r n i n g  t o  0% loss i n  
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in the t w e n t y - f i r s t  month, fo l iowing  heavy r a i n f a l l .  

t o  r-3. s e v e r a l  pe rcen t  better tSan tSe o t h e r  s u r f a c e  c h e m i s t z i t s  an2 about 

65 better ZSan t h e  c o n t r o l .  

inprovenent  i n  s h o r t  c i r c u i t  c g r z e n t  is es t ima ted  t o  be about  3.9%. 

T h i s  t rea%en;  xar founO 

Over a two year -period of  t ime , the  tstirated 

Observat ions o f  the Zata trcnas i n  s o i l h g  show t h a t  the l o w  s i n t s ,  Li the 

t e n t h  and: t w e n t i e t h  months, correspond to 2 e r i o 2 s  of l i t t l e  r a i n r a l l .  

are the winte: months in Znfield wheze there is almost  no 

c i p i t c t h n  occuzs as snow, which i s  not thouqht  to  have much of a c l e c n i n g  

a c t i o n  o n . t ? a  specimen s u r f a c e .  

n i s s i o n  and I 

through June. The r a i n f a l l  d a t C I  which c o r r e l a t e s  w e l l  w i th  t h e  f luc t - aa t ions  

of soiling data, 

These 
rain and t h e  ?re- 

All t h e  spec inens  b e s i n  to r e g a i n  t h e i r  trms- 

values as the Spring rains occur  in the m o n t h  of kpr i l  sc 

I n  suisary, low s u r f a c e  enerGy t rea&ments  I bssed on f l u o r o s i h n e  chemist-ry , 
a?-war t o  be e f f e c t i v e  i n  r e t a r d i n g  the a c c m l a t i o n  of soil on can6iCate  outer 

s u r f a c e s  of  interest in module c o n s t r u c t i o n .  The most s u c c e s s f u l  t r e a t m e n t s  

ident i f ied  t o  date are: f o r  Sunadex a1t5 Tedlar, E-3620, for Ac-rylar, ozone 

p r e t r e c m e n t  followed by E-3820. This  s u r f a c e  c o a t i n g  is Scsed on e x s e n s i v r  

f luorochemica ls ,  however, it should  prove t o  be c o s t - e f f e c t i v e  due t o  t h e  

extremely mall amount tfiat is  ap? l ied  t o  t h e  s u r f a c e .  T h i s  c o a t i n g  appea r s  

t o  be e f f e c t i v e  where t h e r e  a r e  weather  c o n d i t i o n s  t h a t  r e s u l t  in " n a t u r a l  

c l e a n i n s "  of t h e  s u r f a c e ,  and i t  seems t h a t  a c e r t a i n  m o u n t  or' r a i n  is re- 
q?.ireC t o  keep the l i g h t  t r ansmiss ion  high, 
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TASLE f 

Etctus of Candidate Encapsulation Materials 
(Identified in Springborn 'Labs Program) 

Scrface materials 6 modification Under development (Springborn) 

To? Covers 

( w i t h  UV screening property) 

a. Glass 

b. Tedlar X O O  9G 30 UT 

c. kcrylar kcrylic film 
(X-2241-6, -7) 

At-ailable, many comercial sources 

Available (DuPont) 

Available (3M Corp.) 

Pottants 

a. Ethylene Vinyl Acetate (A99181 Available (Springborn, Rollarrd) 

n. Ethylene Methyl Acrylate Available (Zpringborn) 

c. Aliphatic Polyether Urethane Available (Develo2ment Associates) 

6. Poly Butyl Acrylate (13870) Available (Ssringborn) 

Electrical and mechanical spacer 

a. Non-woven glass mats Available (Crane Co. ) 

(134 39) 

(2-2591) 

Substrate panels 

a. Hardboards 

b. Strandboard 

Available (Kasonite, "Super-Dorlux", 
Laurel 200, Ukiah Standard HardboarB) 

Under development (Potlatch Corp.) 

c. Glass-reinforced concrete Under development (MB Associates) 
d. Fila steel (including gal- Available, many comercial sources 

Eack Covers 

a. Aluminum foils & polymer Available 

vanized h enameled) 

Laminates 

b. Tedlar, Mylar, Korad 
(polymer films) 

Gaskets 

Available (DuPont, Excell, 3M1 

a. 'EPDN (staneard or custom Available (Pawli i ig  Rubber Co., others) 
profiles) 

Sealants 

a. "Tape" sealants 

b. Cunnable sealants 

Available (Tremco, Pecora , 3M) 
Avcilable (Tremco, 3K, others) 
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Teasile s t z 8 4 t k p s i  

nt. donp8tfOn. R 

Description : Cnndidate poLhat - casting system 

&xposure. Hrr. 0 icontzol) 2.160 4. X25 6.000 1 8.000 I ~ 0 . 0 0 0  

ate : l I 
No. of SReckn88s 22 18 14 11 8 4 1  

cait No.: 6 6 6 6 6 I 6 1 
Remaining 

160 196 131 199 193 t 37 

115 143 105 143 1 232 102 

- 

Swell Ratio 

Gel :oDtenc, 5 

Apme8r.n~. 

Toed o p t i u l ,  9rT 

Modtrltu. asi I 254 I 263 I 241 t 222 i 226 t 180 

2.7 3.4s 3.6 3.7 

93.2% a. 91.7% 9 3 2  I 49s 93.1 

sheet . 1 1 2 2 
truup.ren ' 

1 I I i 
meproff, srn 

Color VoT-400 f l l l2  

366 366 I 367 361 366 366 

63.6% 32.2 52. I 1 17.5 1 15.3 i 
.. 
U 
0 - w 

I 
b. I b. 

Dielct. SCgtk.  v : d  b. b. b e  

Le& current, ma b. b. 

Xotes: a. aot meamrod 
5. insufficient srrnple 



ver &idab 

O f c o a t r o L )  2.880 5.760 I 9.744 ~ 1 5 . 1 2 0  20.000 ‘ 

I I 
6 6 3 3 3 3 

10 20 13 8 I i 4  I 

71% ?O ?8 I 69 65 ?2 

1?,?OO 16.819 16.200 16.400 I 14.500 I 13.300 

5 
2 . 4 ~ 1 0 ~  6 ~ 1 0 ~  2.5x:05110x105 2 x 1 0 ’  2 x 1 0  

aa rm D. 1..  ala ala 

M rn - 7  n Ia n la 

1 1 1  1 ’ 1 ‘  

356 355 356 354 354 I 355 

h8.r 1 ’ I 1  1 1 

I 
wht blue .. a. a. a. a. 

a. a. a. 

Notes : a. insufficient sample 
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Spom=e.fk... 0(copao1~ 1,440 2.880 I 5.760 12,000 &ad 

1 Daw: I 
rPht 
6 

4 4 4 4 4 

10 5 5 5 XO. ofSp.ciPrrru 

T W U e  ~tnngth. pr i  24.000 24.000 13,200 15.000 14.300 

I 

- ,  

milt elongation. % 1 1 1 1 6  7 

5 - 4 w - r  vi 4.4% 10' 4 x  10' a. 6 x 1 0 '  5 x 1 0  

". sudl  Ratio Soluble nta ala nla nla 
? 

Gel conteat, Z Soluble ala I n/r nl. ala 

' 8  

Trampare 
m e *  film * 1 I 1 I 1 i  

Table 6 



Description : 
c 

~ r u r e ,  nrr. o (control) z.000 4,000 6.000 i 8.000 I IO. 000 - I 
Laa 

5 mte: I 
p Uait xo.: 6 9  9 1 9  9 1 9  9 i 

xo. of Speciaea. 10 3 3 ! 3  3 1 2  1 
1 .E. 

1 
Tenrile raengtb. psi 1 3.240 I 3.080 1 3.650 1 5.930 t 2.810 I 

I mt elongation. % 5 10 690 610 680 I 755 1 675 

Modulus . psi 890 710 674 362 950 I 7 t 4  

Swell ratio 32.2 20.6 I 20.1 I 21.3 1 22.3 1 18.1 I 
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. 
0 feontron 2.000 4,000 i 6.000 1 6.000 i 10.000 I ' -sure. 32s. 

D a b :  
End : - 

Proiec: No. 6072.1 POLYMER A G X  ST'iDLES 

tl unit ?lo. : 

I " !  No. ofspeeirnuls 1 Ifensile rtrwqth.pri 

t?t. elongatioe % 

,IModulu# * osi 
0 1  
etsweu +.eo ' 1  

t 
Gel concent % 

Apour8nce 

Table 2 

1 89 9 9 9 9 9 I 
IO 3 3 3 3 I 2  1 

1 
2,000 2. a90 3.150 2. 480 4.890 I 2.217 J 

5?0 58 5 643 1 650 580 600 

3,240 3.370 1 3.290 1 1.610 4.100 1 3.790 

11.2 10.2 13.1 14.2 7.88 16.7 

6 2 5  62.22 64.3% 55% 1 60% 63.5 

film 1 1 1 1 '  1 
transearen1 

355 

I 
363 

I I 353 I 3s5 

I 
354 

1 I 1 I 56.4 45 1 60.0 

b. b. b. 

b. be b. 

b. I I 
b. I b. 

- - d Coovetmetal 
3 AI-- 

n l .  n l .  i nla 1 ala I afa 
I I 
I I - 

Nickel - 
Silwr - e t  Tituaiom I o  

1 

I I I i I 
1 1 1 I 
I I I I I 

I 



Proirct ?Io. 6072.1 POLYmR AGmC STUDIES 

Ex~onrrr Condition : RSf4 - WET 

Z 

b t ~ t i a  : 2-2591 Notebook Nor 
.45norohrtr : Air Trmorraturr : 50 ' C  

E*POsur.r Wrr. 1 0  (eontro1)l f .000 I 4.000 6.000 I 8.000 I 10.000 I 
m m :  

DrscraDtion : Devrloommt Assochtrr  aliohatic polyurrthanr 

I - - 
i v: 

Table 9 

I I I I I I t n d  
I 9  9 9 9 a 9 

xo 5 1 3 3 i t  
No. : 

No. of Sprcirnem 

1 160 

115 

254 

2.7 

93.2% 
t~uisrmrrr 
s8O.t 

I 

241 I 00 I 320 210 1x5 

155 75 60 21 5 22 0 

172 214 74 181 21 9 

3.4 3.51 1 3.64 4.5 3.8 

94.4% 97.2% 90% 9% 1 96.1 
t 

1 1 

I I 

i I r o a l  ootical , zr I I 1 i 1 I 1 

- I I I 
60140 Soldrr - I I I - 

5 ,  Nkk.1 1 1 I 

-. .. 



Table 10 - 

&XpOrU?% Hrr. ' 

5 Date: : 
I wait No.: 

I m  No. of Sp.efm.nr 

0 (control) 2,000 I 4.000 6,000 I 8.000 { 10,000 

I I 
I 

n 9  9 9 9 9 l ' ;?"  
10 3 1 3  3 1 3 1 2  f 

T O W  OPdCb1, %T I 
356 355 353 344'. 351 I 358 

Color , %if-400 V. rl. blio 1 1 60.8 48.9 35.0 

J Diolct. Stgth., V/mU be b. b. b. b. 

x ,  Lo& currmat , ma b e  b. b. b. b. 
u 
9 - 



Praiect so. 6012.1 POLYMER ACZXG STUbILS - Table 11 

I 
s CVcUtoff, nm 382 35 1 31 5 311 I 350 1 321 

80 
. 

1 1 75.6% 70.8 I 66.0 I - I’ Color *. 45T 400 am colorlerr 

xotos : a. thir tr tho l o r r n t  n l u e  ( 0.7%) ia the U B U ~  range . Zero %T ir not 
roached until 316 nm 

b. Ieveln off to 0,4%T rt thir  wavelength e, 2.1% level bt thir wlue, 
d .  inruffiei.nr b i t  ra-ctm*a 
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Table 12 

~ a p 0 l O f . r  =a. 1 0  (cearrOl)l 1, 000 I 2. ooo 3,000 4.000 1 5.000 
I I 

iDat. t I I I I 
cat No. A A A I A. A I  

so. ofSp.ciPr.na 10 25 6 1 s  5 I' I 

WQh * poi 890 1.210 840 1.090 95 3 

S w l l  W a  ?i 32.2 15.6 i 18.7 I?. 3 16.2 

Toblopticrl ,  %T I I I I 
' ;*4 I 

-.... .- ._ 
Wcoto~, 355 334 360 

Cole? I 76.0 43 16 I 17 I 15.7 



taba : I 
I V3it No. : ! A  

1,000 I 2.000 I 3.000 4.000 I 5.000 I 
I 1 I 

- -- 

2.327 2.539 2.610 2.530 

590 1 600 I 610 I 598 1 I 

9.3 ! 12.4 I 10.2 I 9.8 I I 

l I l I 1 I d r u h l  i 

364 36 3 361 I 359 I 
21 20 32 1 29.0 1 
NT I NT I NT NT I 

xoter r 
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C 
0 

Pzoieet No. POLYMER ACTS= =DIES 

%aomre Coaditioa : OPT 

Erpo.ure. Zrr. 0 (coatralq 1,000 I 2.000 1 3.000 I 4.060 1 3.000 

D a m :  I I I 

Dercrzotion : 

- E I 1 I I 
unit xo.: A A ! A  A I A  I ! 
No. of Speeimrrrr IO 25 I 5 3 1 3 1  

155 207 i 

3.6 I 2.7 I 2.8 I 3.: I I 
25 8 264 214 235 

W.6 1 97.5 I 03.4 I 82.2 I 

I 369 I 364 I 

22 I 26 24 1 9.4 1 
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Table 17 
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tabla i 0  
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Table 19 

prpomt.. ms. 0 (conmot) L,OOO I 2.000 I 

B B B I ~ unit ?so. : 

Data : I 
Ne. a f S ~ 8 -  10 25 10 I EXD 1 I 

t . ? S t  700 I 

i 
6.4 I 

I I 
Cltar . 7 1 9  I I 

rea ~ t ~ c r l ,  RT I I I 1 

I 

T.ruif. s t t m l t L  psi t. 8so 

mr dOnsa-4 5 640 490 220 . 
Q 8 i  3.480 3.910 3.800 

SrrllIpdeX. 5 11.4 9.9 

Cd contaxt . 5 81 % 61.S 1 72% 

I 

vvc7&toff. = 351 368 366 I 
Color 6 5% 12 1 2 5  I I 

Notma : a. Polymer has yeUor color rad "cheosy" consistency, Removed from 
further tosting. 
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Proirct No. WLYJAER AG!X STVDfU 

*.ere Condition : OPT 

i tLter id:  PU 2-2591 Notobook No: 
Atm~sohrre: Air  Trraoerrhrr : 90 ' C  

Table 20 

Dosc+fptiorr : 
r + 

&Qooure, Hrr. 0 (control) 1.000 2.000 t 
Dato: 

B B 0 

No. of Sp.cka.nr 10 25 10 ZXD j 

1 I Jjovcutoff, Em 366 372 380 

Color * 63.3 15 1 11% I I I I 

Notes : a. .Moch~fc8l  properties appear ta be OK. but the rpccimnr have a$rcsr!v- 
rurface tack and cannot 5* haadxed for teetirig, 
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Proioet No. _POLYSIER AGIzJci STt'DLEs 

Loomre Condition ; OPT 

Tablo 21 

1 e EO ckuzge 

3 md*rnc. color 

4 e strong color 

6 e U:DIPO &rgradatioc 

7 8 r?et:od 

0 s surface c-ackr 
2 e hkt color 3 e drg.'iCod 3 8 3rok.r 
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~~ ~~ -~ 

Zlatrr : a. Seecimenr too deformed to be tested . No color . 



Proiecc No. S L Y X Z R  A G a G  STVDES 

tporure. Hrr. 

f D8ta : 
E .  
p t'lit  No.: 
L 

I ?so. oi SReciraen. 
$1 

Table 23 

A 

0 f C 0 8 t r O l )  1.000 1 1 
I 

I B B 

10 12 1 END I I I I 

2 1 Dtelct. Jtgt!~, '?/rail 
J 4 Leak a r r e n t ,  a18 

nt. elongation, ?'a 600 a. 

i I 

I 
I ! .. J 

83.4 95.5 I I i 
I I 

. .Modulus . ori 810 8. 
; 
*Z Swell kid=, ?e 8.1 797 
?. E G e l  coataat, ?: 

NT I I I I 
1 NT 

C O Q O 8 t  dxr t. %'i 
# e .Covoer mami 

I i 1 I I - I I I 

.p Alurninwzl - 
4 0 / 4 0  Solder - 

2 Nickel - 
I Si1tt.r - 8 ,  Tirn!Uza - 
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ORIGINAL PAGE 19 
OF POOR QUALITY 

Table 24 Ptojoct No. POLYMER AGWG STUD= 

Ersorore Coaditioa : OPT 

ht,-tt.l :EVA 9918 Notebook Not 
A w m h e m  I Air Temwmtuzo : 105 *C 

k a k c p t n o t ,  PY 

Noba t a. Sp-eim-nr d-grading , littl- physics1 Int-grtty , rtfcky. DO color . 



ORIGINAL PkCX Cg 
OF POOR QUALITY 

Tab11 2 5  - 



Tab10 26 -- 

I m ao churfe 4 s rtroag color 7 Xae1t.d 
2 m hiat color S s degnded 8 broken 
3 moderam 4 u t r e h a  drgrrdatioa 9 s mrfacr cracks 



Table 21 

?four : a. z?1- rp-cim-ns w-r- obviously d*polym rir-d , f'ch*-sp" in consiscazc** 
and hbd to b- car-fully r-rwvad form ch* modui- surfac- . 



1 s BO c h g e  4 s strong color ? s nelre\i 
2 s hiat color 3 s derjraded 3 1 broken 
f nodems color 0 1 surface cracicr 6 s utrea. degradation 



Table 23 
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' c ,  
0 -  



ORlGiNAL PAC2 48 
OF POOR QUALITY 



t - 
1 

I " " '  
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APPENDIX B 

Figures 1 through 3 



FIGURE 1 

So i l ing  E w e r i m e n t  s 

Material: Sunadex Glass 

E x p o s u r e  : 28 months, Enf i e l d ,  Connecticut 

Measurement: Percent loss i ! ~  short c i r c u i t  current 
( I  1 with exposure t i m e  sc 

Months Exposure 2 4 6 8 10 12  14 16 18 20 22 24 26 28 

2% 

4% 

u rn 
6% 

8% 

Control value, untreated 

-*-.--- Treated with Ozone, then E-3820 

.. . - 



Material : 

Exposure : 

FIGURE 2 

Soi l ing  Experiments 

ORIGINAL PAGE 
OF POOR QUALIn 

Tedlar 100BG30UT 

28 months, Enfield,  Connecticut 

(supported on glass carrier) 

Measurement: Percent loss i n  short circuit current 
(Isc) with exposure t i m e  

Months Exposure 2 4 6 8 10 12 14 16 18 20 22 24 26 28 

2% 

4 %  

0 
In 

H 

6% 

8% 

Control value, untreated. 

Treated with E-3820 

I 



Material : 

Exposure : 

Measurement : 

FIGURE 3 
! 

ORIGINAL PAGE r9 
So i l ing  Experiments OF POOR QUALln 

Acrylar X-22417 Acrylic F i l m  
(supported on g l a s s  carrier) 

28 months , Enfield,  Connecticut 

Percent loss in short c i r c u i t  current 
(Isc) with exposure time. 

Months Exposure 2 4 6 8 10 12 14 16 18 20 22 24 2 6  2 8  

2% 

g 4% 
n 

6% 

89 

Control value, untreated 

Treated with E-3820 


